Abstract The development of visual functions is very diverse. Some visual functions mature within the first year of life, whereas maturation for other functions extends into adolescence. The reasons for these developmental differences are largely unknown. Here, we investigated spatiotemporal processing in children (7-9 years, n = 15), young adolescents (11-13 years, n = 26), and adults (18-33 years, n = 24) using the shine-through visual backward-masking paradigm. We found that children had significantly longer vernier durations than either young adolescents or adults. However, children's spatial and temporal processing of complex masks was very similar to that of young adolescents and adults. We suggest that spatiotemporal processing related to visual backward masking is already fully developed at age 7, whereas the attentional processes related to target enhancement only mature in young adolescence.
investigate vernier acuity in children between 2 months and 8 years of age and found adult-like vernier acuity around age 5. However, Kim et al. (2000) tested children aged between 5 and 9 years and found that vernier acuity did not mature before age 9. Skoczenski and Norcia (2002) tested infants between 1.5 and 18 months, children aged 2 to 14, and adults. Their results indicated that vernier acuity reaches adult-like values even later than age 14. Furthermore, Carkeet et al. (1997) compared children aged 3 to 12 years to adults and found vernier hyperacuity at age 3, but they suggested further improvement until adulthood. These examples show the difficulty of specifying the age at which spatial vision matures and the large differences across and even within paradigms.
Here, we investigated the visual spatial and temporal processes related to visual backward masking in children and young adolescents using the shine-through paradigm ). The shine-through paradigm is a very sensitive technique that combines backward masking with vernier acuity. In a first step, participants have to discriminate the offset direction of a vernier stimulus that consists of two abutting bars, of which the lower one is offset to either the left or the right. The vernier duration (VD) and the offset are determined individually so that participants can easily discriminate the offset direction. In a second step, the vernier is followed by a grating that consists of either 5 or 25 elements ( Fig. 1A ; Herzog, Kopmann, & Brand, 2004) . For gratings with 25 elements, the vernier appears to be superimposed on the grating (shine-through).
Shine-through is thought to occur because the elements of the mask are grouped as one object and the vernier is grouped as an independent element, which is therefore rendered visible (Herzog & Fahle, 2002; ). For gratings with 5 elements, shine-through does not occur. This is surprising, because intuitively, the larger, 25-element grating should have more masking power, especially since it contains the 5-element grating (Fig. 1B) . For this reason, the difference in masking strengths cannot be explained by retinal mechanisms alone. It has been suggested that performance reflects figure-ground segmentation: Neural responses related to the edges of the grating are strongly enhanced, whereas neural responses related to the interior elements of the grating are diminished. For small gratings, such as the 5-element grating, the strong neural responses related to the edges interfere with the responses produced by the vernier, and therefore, the visibility of the vernier is reduced (Hermens, Luksys, Gerstner, Herzog, & Ernst, 2008; . In a third step, the spatial and temporal processing related to backward masking are tested using inhomogeneous masks. If spatial or temporal inhomogeneities segment the 25-element grating into smaller subgratings, shine-through is decreased or even extinguished by similar mechanisms. For example, gaps inserted close to the center of the grating (gap grating; Fig. 1C ) render the vernier invisible ). Due to the gaps, the 25-element grating is segmented into two peripheral 9-element gratings and a middle 5-element grating in which, as mentioned above, shine-through does not occur. Also, briefly presenting a 5-element grating between the vernier and the 25-element grating (5-25 grating; Fig. 1D ) dramatically deteriorates performance . Even though the 5-element grating is not consciously perceived, performance commonly drops by a factor of 5, which indicates that the 5-element grating is efficiently processed by the visual system.
The shine-through paradigm has been successfully employed to test spatial and temporal processing related to backward masking in older adults (Pilz, Kunchulia, Parkosadze, & Herzog, 2015) , in athletes (Overney, Blanke, & Herzog, 2008) , in schizophrenia (Chkonia et al., 2010; Herzog et al., 2004) , and under the influence of alcohol (Kunchulia, Pilz, & Herzog, 2012) , nicotine (Kunchulia, Pilz, & Herzog, 2014) , or benzodiazepines (Giersch & Herzog, 2004 ). Here, we tested children from age 7 to 9, young adolescents from age 11 to 13, and adults from age 18 to 33. Using the shine-through paradigm, we are able to compare spatial and temporal processing in children to that of various subgroups of the population, and thus to shed further light on the development of spatial and temporal vision. If spatial and temporal processing is not fully developed in children, we expect to find shine-through for inhomogeneous masks, which would indicate that children are unable to perceive the small spatial and temporal alterations to the grating as efficiently as young adults.
Method Participants
Participants from three age groups took part in the experiment: children aged 7 to 9 years (n = 15, mean age = 8.1), young adolescents aged 11 to 13 (n = 26, mean age = 12.0), and adults aged 18 to 33 (n = 24, mean age = 24.5). All participants had normal or corrected-to-normal vision, as was evident from values of 0.8 or higher (equivalent to a 20/25 Snellen fraction) in the Freiburg visual acuity test (Bach, 1996) . One child had to be excluded, because it was not able to perform the task. Children and adolescents were recruited from Tbilisi secondary school N100. The research was approved by the Georgian National Bioethics Committee, and the experiments were carried out in accordance with the World Medical Association Helsinki Declaration. Informed consent was obtained for all participants.
Stimuli and apparatus
The stimuli consisted of white vertical verniers and gratings that consisted of 25 or 5 aligned verniers presented on a black background. The verniers were composed of two vertical bars that were slightly displaced in the horizontal direction, to either the left or the right, by a small gap of 1 arc min (Fig. 1) . The length of one bar was 10 arc min, with a width of about 40 arc s. The single elements of the gratings were aligned verniers with a horizontal distance of about 3.33 arc min. The vernier and the central element of the grating always appeared in the middle of the screen.
Stimuli were presented on a Samsung SyncMaster 957DF CRT screen with a refresh rate of 100 Hz. The stimuli had a luminance of 100 cd/m 2 , as measured with a GretagMacbeth Eye-One Display 2 colorimeter. The background luminance of the screen was below 1 cd/m 2 , and observers were seated in a dimly lit room with a distance of 5 m from the monitor.
Procedure
The procedure can be divided into three steps. In all three steps, observers were asked to determine the vernier offsetthat is, the horizontal offset direction of the lower as compared to the upper bar (left or right). Responses were given by pressing one of two response buttons held in the left (offset to the left) and the right hand (offset to the right). In the first step, we determined the VD for the vernier presented alone-that is, without a following mask. For each observer, we determined the shortest VD for which they were able to discriminate the offset direction at a vernier offset below 40 arc s using the adaptive PEST procedure (Creelman & Taylor, 1969) . The limit of 40 arc s has been used in previous publications using similar methods (e.g., Kunchulia et al., 2014) and is far above the normal vernier acuity for untrained observers across different age groups (Abbud & Cruz, 2002) . We would like to mention that the vernier offset thresholds we obtained do not represent the true thresholds, because we stopped measuring as soon as observers reached a threshold below 40 arc s. Our main interest was to measure critical VDs. One child did not reach a critical discrimination threshold of 40 arc s, and thus was excluded from further analysis. Each observer completed as many blocks as necessary to reach a performance level of 75% correct at a vernier offset below 40 arc s. In each block of trials, the VD was constant, and only the offset was varied adaptively. Each block consisted of 80 trials. In the first block, verniers were presented for 150 ms. In the subsequent blocks, VD was reduced when the threshold for offset discrimination was below the predefined value of 40 arc s, and increased when the threshold for offset discrimination was above 40 arc s.
In the second step, the vernier was masked by a 5-or 25-element grating that were presented for 300 ms. We adaptively determined stimulus onset asynchronies (SOAs) for each grating using the PEST procedure (Creelman & Taylor, 1969) . The critical SOA at which a performance level of 75% correct responses was obtained was determined using probit and maximum likelihood analysis. The SOA is defined as the difference between vernier and grating onset and is the sum of the VD and the interstimulus interval (ISI) between the vernier and the mask (SOA = VD + ISI). For each participant, we used the individual VD as determined in Step 1, and the vernier offset size was set to 71 arc s. The SOA was varied adaptively from trial to trial. We determined the critical SOA at which a performance level of 75% correct responses was obtained, using probit and maximum likelihood analysis. The starting value of the SOA was set to 200 ms. For each grating, the threshold was measured twice, and the mean of the two thresholds was taken as the critical SOA. If observers were unable to reach a threshold value of 400 ms or below, a value of 450 ms was recorded (for details, see ).
In the third step, we tested performance on visual spatial and temporal processing using three different gratings (the standard 25-element grating [ Fig. 1A ], a gap grating [ Fig. 1C] , and a 5-25 grating [ Fig. 1D]) . For each observer, we used the individual SOA and VD as determined in Steps 1 and 2 to aim for the same "baseline" performance for all participants with the standard 25-element grating, to be able to explicitly assess performance changes related to the addition of temporal and spatial changes to the grating. The 25-element grating was used for baseline performance because, as we mentioned above, shine-through does not occur for 5-element gratings, and therefore it would be impossible to assess spatial and temporal aspects of backward masking using a 5-element rather than a 25-element grating. For each of the three gratings, we determined the vernier offset thresholds for a performance level of 75% correct responses using PEST. The standard 25-element grating was presented for 300 ms, as described above (Fig. 1A) . The gap grating, for which two elements were removed from the standard 25-element grating, was presented for 300 ms. A gap of 250 arc s separated the central five elements from the nine elements to the left and right (Fig. 1C) . For the 5-25 grating, a 25-element grating was presented for 280 ms, which was preceded by a 5-element grating presented for 20 ms, so that the duration of the combined gratings was 300 ms, the same as for the other two gratings (Fig. 1D) .
It is important to note that using the shine-through paradigm, we do not investigate vernier acuity per se, which means that in the first two steps we did not vary the vernier offset, but instead determined the VD and the SOAs between the vernier and the gratings. Only in Step 3, we determined the vernier offset thresholds for inhomogeneous masks by using the predetermined VD and SOAs to investigate the effects of spatial and temporal alterations on vernier discrimination performance.
Results
Step 1: Vernier duration An analysis of variance (ANOVA) revealed a main effect of age group [F(2, 67) = 34.7, p < .001; Fig. 2 ]. Post-hoc t tests showed significant differences between all three age groups (Table 1) . Children had the longest VDs, followed by young adolescents.
Step 1: Vernier offset Given that the VD was determined adaptively by varying the vernier offset, we automatically also measured thresholds for the vernier offset (see the "Procedure" section). We would like to mention that vernier offsets are not as meaningful, given that we only measured the critical VD at a vernier offset below 40 arc s. Therefore, the true thresholds for vernier offsets are likely to be lower than the measured values. An ANOVA showed a main effect of age group [F(2, 62) = 5.25, p < .01]. Post-hoc t tests showed significant differences between children (M = 32.22, SD = 7.9) and adults (M = 23.9, SD = 8.9) and between young adolescents (M = 29, SD = 7.7) and adults ( Table 2) . The difference between children and young adolescents was not significant.
Step 2: Backward masking element grating (M = 96.16, SD = 81.73) being longer than that for the 25-element grating (M = 37.77, SD = 55.77), but no effect of age group [F(1, 63) = 2.5, p = .1, η 2 = .12] and no interaction [F(1, 63) = 0.17, p = .7, η 2 = .02; Fig. 3 ].
Step 3: Inhomogeneous masks
We used a gap grating and a 5-25 grating to investigate the effects of age on spatial and temporal processing. To compensate for individual differences, we used the individually determined VDs and ISIs from Steps 1 and 2. Due to this normalization process, we expected performance to be similar for all age groups. However, despite the normalization, children had larger thresholds than both young adolescents and adults. An ANOVA showed significant differences between the groups for the 25-element grating [F(2, 62) = 4.21, p < .05, η 2 = .12], in that the thresholds for that grating were significantly higher for children than for adults [t(23) = 2.3, p < .05], but no significant difference between young adolescents and children [t(19) = 1.8, p = .08] or between young adolescents and adults [t(43) = 0.9, p = .33]. We found no significant differences between age groups for the gap [F(2, 62) = 2.7, p = .8] or the 5-25 [F(2, 62) = 2.5, p = .9; Fig. 4, Table 3 ] grating. To specifically test for the effects of spatial and temporal inhomogeneities, regardless of general masking performance, the thresholds for the 25-element grating were subtracted from those for the gap and 5-25 gratings, as we described above. Normalized data were significantly different from zero for both inhomogeneous gratings for all three age groups (Table 4) , which indicates that spatial and temporal disturbances to the grating decrease performance.
As mentioned above, equating performance for all age groups by using individually determined VDs and ISIs was unsuccessful for children. The failed normalization in children might be related to the increased VDs, in that an increased duration could sensitize the visual system to spatial and temporal changes of the following grating. To assess the relationship between VD and performance for the gratings, we calculated Pearson correlations (Fig. 5) , and found strong negative relationships between VD and performance for the gap (r = .57, p < .05) and the 5-25 (r = .67, p < .01) grating in children. Shorter VDs were related to higher grating thresholds. The relationship between VD and performance for the 25-element grating was not significant (r = .37, p = .18). Values did not correlate for young adolescents or adults, all ps > .5.
Discussion
We compared spatial and temporal processing in children aged 7-9 years and young adolescents aged 11-14 to those of adults by using the shine-through visual-masking paradigm . In a first step, we measured individual vernier durations for verniers presented without a masking grating for vernier offsets below 40 arc s. VDs were significantly different between all age groups, with the longest VDs for children and the shortest for adults. In a second step, we measured ISIs for verniers that were backward-masked with a 25-element or a 5-element grating. Interestingly, there was no difference in ISIs between age groups. When we accounted for the differences in VD and ISI in a third step and tested performance for the gap (spatially inhomogeneous mask) and the 5-25 grating (temporally inhomogeneous mask), both children and young adolescents showed vernier offset thresholds similar to those of adults. These results indicate that the visual system of young adolescents is very sensitive to the briefly (20-ms) presented 5-element grating in the 5-25 condition and to the gaps in the gap condition despite increased VDs, which indicates that their visual processing is similar to that of adults.
For children, the situation is more complex. Children also showed intact spatial and temporal processing despite dramatically increased VDs, but the normalization process through which we equated individual performance for the 25-element grating by using individually determined VDs and ISIs was unsuccessful, in that children still had significantly larger thresholds than young adolescents and adults. We interpret our results as follows: Complex spatial processing (gap grating) and temporal processing (5-25 grating) of the mask are already fully developed in children as young as 7 years old. However, their much longer VDs indicate that visual processing of "weak" target elements, such as verniers with small offsets, is not fully matured in children, and even using individually determined temporal parameters, such as VD and ISI, does not alleviate this deficit for more complex stimuli, as was indicated by larger thresholds for the 25-element grating in children than in either adults or young adolescents. One could have expected that due to the failed normalization, and therefore increased thresholds for the 25-element grating in Step 3, children would have lower thresholds than adults with the gap and 5-25 gratings, but the opposite was the case.
Interestingly, we also found negative correlations between VDs and inhomogeneous masks. Children with longer VDs had lower thresholds for the gap and 5-25 gratings: That is, the more time children needed to process the unmasked vernier, the better they were at discriminating verniers masked with inhomogeneous gratings, which indicates that for children with longer VDs, the spatial and temporal alterations had little effect.
The findings from this paper relate to recent results from older adults on spatial and temporal aspects of visual backward masking (Pilz et al., 2015) . Pilz et al. tested older adults (>60 years) and younger adults (<33 years) in the shinethrough paradigm. Older adults were divided into two groups, depending on whether or not their VDs were comparable to those of younger adults (Step 1). Interestingly, backward masking (Step 2) and spatial and temporal aspects of visual backward masking (Step 3) were only impaired in the group of older adults who had longer VDs than younger adults. As in the results for children from this paper, the longer VDs older adults had for unmasked verniers, the better they were at discriminating verniers masked with inhomogeneous gratings. As mentioned above, shine-through is reduced by spatial or temporal alterations to the grating. Therefore, the better participants are at discriminating the vernier when it is masked with an inhomogeneous grating, the less sensitive they are to the spatial and temporal alterations. The difficulties processing those spatial and temporal alterations could potentially be explained by optical deficits. Visual acuity, however, was comparable in both groups of older adults tested by Pilz et al., which suggests that cortical rather than retinal mechanisms were responsible for the decreased performance in one group of older adults. We argue that the deficiencies in visual processing for children in this paper-and potentially also for older adults, as shown by Pilz et al.-might be based on differences in attentional mechanisms that change across age. Under normal circumstances, fine-grained visual information goes unnoticed and is likely not fully encoded in the human brain; only when it is task-relevant this information will be enhanced for further processing. The enhancement of finegrained visual information might not be fully matured in children. Whereas visual spatiotemporal processing itself might mature at a very young age, attentional processes that are possibly linked to neuromodulatory systems develop later (Herzog, Roinishvili, Chkonia, & Brand, 2013) . These two factors are usually difficult to disentangle, because observers have to pay attention to the target. However, in our paradigm, visual processing of the mask is task-irrelevant, which allows us to differentiate between visual spatiotemporal and attentional processes. Previous studies have already highlighted that attentional processes related to visual short-term memory are not fully developed at age 7 (e.g., Cowan, Morey, AuBuchon, Zwilling, & Gilchrist, 2010; Shimi, Nobre, Astle, & Scerif, 2014) , and relative maturity in a variety of visual and auditory attention tasks seems to be reached around age 10 (Klenberg, Korkman, & Lahti-Nuuttila, 2001 ). Decreased general alertness toward the end of the experimental session might also have contributed to the failed normalization. In addition, other paradigms have shown that visual temporal processing matures at an early age:
The critical flicker fusion frequency (for a review, see Braddick & Atkinson, 2009 ), the temporal frequency at which a flashing light or grating cannot be distinguished from a steady one, seems to mature within the first few months during childhood (Regal, 1981) , and visual evoked potentials follow an adult-like flicker frequency of 55 Hz as early as 8-9 months during infancy (Apkarian, 1993; Morrone, Fiorentini, & Burr, 1996) . Selective attentional processes, however, seem to mature only in young adolescence (Taylor & Khan, 2000) . To conclude, the results from our study and previous ones suggest that spatial and temporal aspects of visual backward masking are already well developed at age 7. However, deficits in target enhancement that are possibly related to differences in attention-modulating processes between age groups lead to longer VDs in children and young adolescents than in adults.
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